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Water uptakeAbstract Peleg model was used to determine the instance moisture content of three varieties of
bean (Talash, Sadri and Mahali Khomein) and three varieties of chickpea (Desi, small Kabuli
and large Kabuli) during soaking. The experiments were carried out at three different temperatures
(5, 25 and 45 C) in triplicate using distilled water. The moisture content versus time curves were
plotted at different experimental temperatures, for six varieties. The results indicated that water
absorption increased as the temperature increased. The obtained Peleg model constants were
investigated relative to temperature. Activation and free activation energy, as well as entropy
and enthalpy changes for the three studied varieties of both chickpea and bean were calculated
at three temperatures using Peleg model constants and regression analysis. In the case of bean,
the results showed a linear decrease in the coefﬁcients k1 and k2. Furthermore for chickpea, the
coefﬁcient of k1 decreased linearly and the effect of temperature on the coefﬁcient k2 was partial
and decreasing. Likewise, the results indicated that the seeds enthalpy enhanced signiﬁcantly as
soaking temperature increased from 5 to 45 C, the raising trend in entropy and released energy
was not signiﬁcant, however (P< 0.05). Maximum and minimum free activation energy in soaking
process were observed in chickpea variety of Chico (301.28 kJ mol1) and bean variety of Mahali
Khomein (86.77 kJ mol1), respectively. In addition, negative values of enthalpy changes of varie-
ties demonstrated that the changes in moisture content during soaking process were associated with
exothermic and energetically favorable transformation.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Legumes are economical sources of protein, energy, vitamins
and minerals. Food legumes diminish the incidence of several
diseases, such as cancer, cardiovascular diseases, obesity and
diabetes (Bhathena and Velasquez, 2002). Compared to whole
eggs, dairy products or meat, legumes contain relatively low
quantities of the essential amino acid methionine. This means
136 S.M. Shafaei et al.that a smaller proportion of the plant proteins, compared to
proteins from eggs or meat, may be used for the synthesis of
protein in humans.
Chickpea (Cicerarietinum L.) is an important protein source
in many developing countries. It is the third most commonly
consumed legume in the world. There are two main varieties
of chickpeas namely Desi and Kabuli. The Kabuli variety
has a thin, white seed coat and Desi variety has a thick, colored
seed coat, being smaller than Kabuli in size (Thushan
Sanjeewa et al., 2010).
Bean (Phaseolus vulgaris L.) is an important member of the
legume group. In the new world, it is one of the main sources
of protein and calories in the human nutrition (Graham and
Ranalli, 1997). Unlike the chickpea, bean is a summer crop that
needs warm climate to grow. Maturity is typically achieved
within 55–60 days after planting. Thus, the area under bean is
increasing on the planet earth (Hungria et al., 2000).
In Iran, bean and chickpea have been widely grown as
legumes production for a long time. High shelf life, the ease
of transport, and the added value are attractive to farmers.
Three famous varieties of bean are Talash, Sadri and Mahali
Khomein (Shafaei and Masoumi, in press).
Since soaking is usually done before dehulling and cooking
grains, investigation of water absorption characteristics of dif-
ferent seeds during soaking has been considered by research-
ers. Grains in different soaking conditions, show different
water absorption rates and water absorption capacities
(Shafaei and Masoumi, 2013a; Shittu et al., 2012; Bello
et al., 2010; Kashiri et al., 2012; Montanuci et al., 2013).
Understanding water absorption in legumes during soaking
is of particular importance since it affects succeeding processes
and the quality of the ﬁnal product (Turhan et al., 2002).
Water absorption of seed during soaking mainly depends on
soaking time and water temperature. Throughout the immer-
sion, water spreads slowly into the seeds and eventually
reaches a constant level of moisture content (Ranjbari et al.,
2011; Shafaei and Masoumi, 2013c, 2013d). Using warm water
is a typical method to diminish the soaking time, because
higher temperatures increase moisture diffusivity leading to a
higher hydration rate (Kashaninejad et al., 2009; Shafaei and
Masoumi, 2013b; Khazaei and Mohammadi, 2009).
The relationship between moisture content of seeds in soak-
ing and time is usually expressed by different models. Many
theoretical and empirical approaches have been employed
and occasionally empirical models were preferred because of
their relative ease of use (Shafaei and Masoumi, 2014b;
Yildirim et al., 2013; Da Silva et al., 2013; Ghafoor et al.,
2014). Water absorption of rice was studied by researchers.
The results were indicated that the proper model for predicting
the behavior of water uptake was ‘Page’ model (Kashaninejad
et al., 2007). Some researchers reported Binomial model is the
best model for modeling hydration of chickpea seeds (Shafaei
and Masoumi, 2014c).
Within many theoretical, empirical and semi empirical
models, the most popular model which has been used to
model the water absorption kinetics of agricultural products
is the Peleg model (Jideani and Mpotokwana, 2009). Using
short time experimental data for predicting equilibrium mois-
ture content of foods and grains is the major advantage of
the Peleg model. Besides that, the model is a popular empir-
ical non exponential model and parameters are of immense
practical signiﬁcance in hydration kinetics applied to weightgain during rehydration (Peleg, 1988). The model is com-
monly used to describe absorption characteristics of various
materials within soaking (Vasudeva et al., 2010; Salimi
Hizaji et al., 2011; Montanuci et al., 2013; Ranjbari et al.,
2013; Botelho et al., 2013; Oliveira et al., 2013).
The Peleg model is shown as:
Mt ¼Mo  t
k1 þ k2t ð1Þ
where Mt is moisture content at time t (d.b. %), Mo is initial
moisture content (d.b. %), t is time (h), k1 and k2 are the Peleg
rate (h%1) and Peleg capacity constant (%1), respectively.
In Eq. (1), ‘‘±’’ becomes ‘‘+’’ if the process is absorption or
adsorption and ‘‘’’ if the process is drying or desorption
(Corzo et al., 2012).
The rate of sorption (R) can be gotten from the ﬁrst
derivative of the Peleg equation:
R ¼ dM
dt
¼  k1ðk1 þ k2tÞ2
ð2Þ
The Peleg rate constant k1 relates to sorption rate at the begin-
ning (R0), R at t= t0:
R ¼ dM
dt
t ¼ 0 ¼  1k1 ð3Þ
The Peleg coefﬁcient constant k2 relates to maximum (or
minimum) possible moisture content. As t=1, Eq. (1) gives
the relation between equilibrium moisture content (Me) and k2.
Mjt¼1 ¼Me ¼M0 
1
k2
ð4Þ
The Peleg model has been used to describe sorption processes
in various foods. Oliveira et al. (2013) studied simultaneous
water desorption and sucrose absorption of adzuki beans using
the model. Prasad et al. (2010) used it to describe water desorp-
tion of sago chickpea. Moreira et al. (2008) applied the model
for studying water absorption of chestnuts. The Peleg model
was also employed to model the water absorption process of
many starchy and oily kernels (Abu-Ghannam and
McKenna, 1997; Waezi-Zadeh et al., 2010; Gowen et al.,
2007). In these reports, the model mostly ﬁtted below the gela-
tinization temperature (conditioning step) rather than above
the gelatinization temperature (cooking step) of the starchy
grains.
Enthalpy is a thermodynamic quantity equivalent to the
internal energy of a system plus the product of pressure and
volume. In other words, the observed heat in a reaction occur-
ring at constant pressure equals enthalpy change. Enthalpy,
like internal energy, is a function of system state, independent
of the way it is reached. Entropy indicates automatic dispersal
of energy. It also shows that how much to what extent the
energy dissipates in a process with certain temperature. Thus,
entropy is a thermodynamic quantity for degree of disorder in
the system. The higher the degree of disorder, the higher the
entropy. (Jideani et al., 2002).
The objective of this study was to determine the Peleg
constants (k1 and k2) for different varieties of chickpea (large
Kabuli (Kabuli), small Kabuli (Chico) and Desi) and bean
(Talash, Sadri and Mahali Khomein) at three experimental
temperatures (5, 25 and 45 C). Using the constants to review
change in thermodynamic parameters of seeds during soaking.
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2.1. Sample preparation
Each variety of bean and chickpea was prepared from
Legumes seed collection center, agricultural organizations
Khomein, Markazi, Iran. Before testing, the broken seeds
and external materials were removed. Seeds of bean and chick-
pea were categorized as three groups by size of their large
dimension. In order to eliminate the effect of seed size on the
soaking trials, medium-size grains were used. The initial mois-
ture content of samples was determined using AACC 44-15A
method for chickpea (AACC, 1999) and ASAE S352.2
DEC97 for bean (ASAE, 1999).
2.2. Soaking tests
Experiments were conducted in distilled water at 5, 25 and
45 C for different durations. Before each experiment, the con-
tainers and distilled water were kept in desired temperature for
a few hours to reach the same temperature.
Ten seeds of favorite type were randomly selected and
weighed, then placed in glass beakers containing 200 ml dis-
tilled water for each duration included in the timetable.
Amount of water absorption by various seeds was determined
5, 10, 15, 30, and 60 min after immersion. The tests were contin-
ued at intervals of one hour to reach equilibrium moisture con-
tent. After reaching certain times, the samples were removed
from the beakers and placed on a paper to eliminate the excess
water, the soaked samples were then weighed. A digital chro-
nometer and a precision electronic balance (AND, Model
GF400, accuracy ± 0.001 g Japan) were respectively used to
record soaking duration and to measure weight of sample
before and after immersion. In order to reduce error, all tests
were performed in triplicate. The water absorption capacity
was determined using the Eq. (5) (McWatters et al., 2002):
Wa ¼Wf Wi
Wi
 100 ð5Þ
where, Wa is water absorption (d.b. %), Wf is weight of seeds
after immersion (g) and Wi is weight of seed before immersion
(g).
According to Vishwakarm et al. (2013), data obtained after
loss of soluble solids of more than 1% of the samples initial
mass were not included. Therefore, at each step, amount of
solid material dissolved in water was controlled by measuring
density of distilled water and drained water in the experiment.
2.3. Analysis of soaking data and soaking model
Since the seeds absorbed just a little amount of water before
two hours, the recorded data were not used to ﬁt to the Peleg
model. Also, the soluble solid loss of more than 1% of the ini-
tial mass of the samples was not desired, the recorded data
after this time were not used to determine the Peleg constants
(Vishwakarm et al., 2013). Some researchers such as Sayar
et al. (2001), used soaking times of 11 and 7 h for chickpea
at 20 C and 40 C, respectively; and Turhan et al. (2002), pre-
dicted this time to be about 7 h for chickpea at 20 C.
The experimental data were ﬁtted to Peleg model for the
time between two hours and equilibrium moisture content timefor six varieties of seeds, using MATLAB software. After
determining the coefﬁcients of Peleg model in three tempera-
tures for different varieties of bean and chickpea, the relation-
ship between them and test temperatures was examined. The
effect of temperature, time and variety on the water absorption
of seeds was determined by analysis of variance (ANOVA)
within a completely randomized design. Means were compared
with Duncan’s multiple range test in conﬁdence of 0.05, using
SAS software. To evaluate Peleg model prognostication, pre-
dicted data were plotted against test data for six studied vari-
eties at three temperatures and determined the coefﬁcient of
determination (R2), by following Eq. (6):
R2 ¼
Pn
i¼1 Mexp;i Mexp ave
 2 Pni¼1 Mexp;i Mpre;i 2Pn
i¼1 Mexp;i Mexp ave
 2 ð6Þ
where, Mexp,i is the ith experimentally observed moisture con-
tent, Mpre,i the ith predicted moisture content, Mexpave is aver-
age moisture content observed and n the number of
observations. The goodness of ﬁt between the experimental
and predicted water absorption values was calculated using
the mean relative percentage deviation modulus (E), which is
deﬁned as:
E ¼ 1
n
Xn
i¼1
Mexp;i Mpre;i
Mexp;i

 100 ð7Þ2.4. Determination of equilibrium moisture content
According to the Peleg model, the rate of absorption reaches
to zero when water absorption becomes constant. By this
method and using Eq. (4), equilibrium moisture was measured
from experimental data of sample at each temperature and the
obtained equilibrium moisture contents were compared at con-
ﬁdence level of 5% with Duncan’s multiple ranges test.2.5. Thermodynamic parameter determination
Some researchers indicated that, by combining moisture diffu-
sion equation and Eq. (1), the dependence of the Peleg model’s
coefﬁcient on the temperature can be shown according to Eq.
(8) (Jideani and Mpotokwana, 2009):
1
K1
¼ Kref f exp Ea
R
1
T
 1
Tref
  
ð8Þ
Where: Kref, is coefﬁcient of hydration at reference tempera-
ture; Ea, is activation energy (kJ mol
1); R, is universal gas
constant (=8.314 J mol1 K1); T, is the experience tempera-
ture (K); and Tref, is reference temperature (K). To reduce
the co-linearity of Kref and activation energy, the reference
temperature was selected as the average temperature of the
experiment (Gowen et al., 2007). Taking the logarithm of both
sides of the Eq. (8), the linear Eq. (9) is obtained:
ln
1
K1
 
¼ ln Kref f þ Ea
R
 
1
Tref
 1
T
 
ð9Þ
If ln (1/k1) is plotted versus ((1/Tref)  (1/T)), a line with the
gradient of (Ea/R) is obtained from which the activation
energy can be calculated. Using activation energy, changes in
138 S.M. Shafaei et al.enthalpy, entropy and the free energy of activation are
obtained based on Eqs. (10)–(12), respectively.
H ¼ Ea  RT ð10Þ
DS ¼ R LnA LnKB
hp
 LnT
 
ð11Þ
DG ¼ DH TDS ð12Þ
whereR, is universal gas constant; LnA, is intercept of the curve
from Eq. (12); KB, is Boltzmann constant (=1.38 · 1023
J K1); hp, is Planck’s constant (=6.626 · 1034 J s); and T is
absolute temperature (K).
3. Results and discussion
3.1. Water absorption curves
The initial moisture content values of seeds were less than 9%
(d.b. %). The increment of moisture content of samples during
soaking time is shown in Figs. 1 and 2. These 3D charts were
plotted based on simultaneous effect of time and temperature
on water absorption kinetics of seeds during soaking. The
charts give an opinion of how the seeds moisture content in
response to the two input variables. It is clear that the absorp-
tion curves show the rate of water absorption increased with
increasing temperature. Varieties of bean reached to saturation
moisture content at the same time. However, the time needed to
reach saturation moisture content was shorter in higher water
temperatures, in the case of chickpea. The reason of these
phenomena was the increment of water diffusivity in seeds.
Thus, high temperatures could cause the seeds to soften and
expand. The moisture absorption rate was higher, when the
soaking temperature was closer to gelatinization temperature
of seeds (Shafaei and Masoumi, 2013e; Shafaei et al., 2013).
Therefore, applying higher temperatures at short time resulted
in the equilibrium moisture to be mailed at shorter time of
soaking, compared to lower temperature along with longer time
of immersion.
In general, thewater absorption ratewas fast at the beginning
of soaking and slow at the end of soaking process. More extrac-
tion of solid matter from seeds at the end of soaking time was a
negative factor of water absorption. Similar results have been
reported for various agricultural products such as pasta,Figure 1 Moisture absorption characteristics of three studied varie
Khomein.sorghum, milled rice, chick peanuts and barley seeds
(Cunningham et al., 2007; Kashiri et al., 2012; Yadav and
Jindal, 2007; Pan and Tangratanavalee, 2003; Shafaei et al.,
2014).
3.2. Effect of variety on water absorption
The results indicated that, regarding bean varieties, water
absorption values were signiﬁcantly different (P < 0.05) since,
morphological and physiological properties of the varieties
were different. Talash variety is the most popular variety of
bean which is cultivated in warm and dry areas. Despite
Talash, Sadri variety is an improved cultivar which is why it
is cultivated in cold climate (Beyzaei et al., 2012) and Mahali
Khomein variety is a genetically modiﬁed variety based on
Kheomin (Markazi – Iran) region.
The result indicated that, water absorption values were not
signiﬁcantly different for chickpea samples (P> 0.05). It is
due to same condition of cultivation and partial difference
among morphological and physiological properties of these
varieties of chickpea in Iran.
In general, moisture content of each type of chickpea was
lower than each type of bean in the same conditions of time
and temperature. Thus it can be resulted resistance of chickpea
to water penetration is more than that of bean.
3.3. Equilibrium moisture content
The results of determined equilibrium moisture content of vari-
eties at three temperatures are shown in Table 1. It shows that
the equilibrium moisture content of bean varieties increased
signiﬁcantly (P< 0.05), when the soaking temperature
increased from 5 to 45 C. But for chickpea samples, equilib-
rium moisture content had no signiﬁcant difference
(P> 0.05). It was due to the difference between morphological
and physiological properties of bean and chickpea.3.4. Evaluation of Peleg model
Fig. 3 shows the Peleg model ﬁtted on data for Talash variety
and Kabuli variety. Other verity ﬁtted models same as those.
Coefﬁcient of determination (R2) and mean relative percentageties of bean during immersion, (a) Talash, (b) Sadri, (c) Mahali
Figure 2 Moisture absorption characteristics of three varieties of chickpea during immersion, (a) Kabuli, (b) Chico, (c) Desi.
Table 1 Equilibrium moisture content (d.b %) of bean and
chickpea varieties.
Samples Equilibrium moisture content (d.b. %)
5 C 25 C 45 C
Bean
Talash 97.15c 113.60b 135.08a *
Sadri 92.31c 115.85b 131.46a
Mahali Khomein 89.24c 108.02b 127.66a
Chickpea
Kabuli 55.96b 59.61a 59.60a
Chico 56.67b 60.53a 59.64a
Desi 55.94b 59.50a 59.13a
* Means with the same letter are not signiﬁcantly different
(P< 0.05) according to Duncan’s multiple ranges test.
Analysis of water absorption of bean and chickpea 139deviation modulus (E) shown in Tables 2 and 3, are more than
0.9 and less than %10, respectively. It indicates that Peleg
model was reliable enough to predict moisture content of bean
and chickpea. Predicted values were plotted versus measured
values for Talash variety of bean and Kabuli variety of chick-
pea variety at 25 C (Fig. 4). For other varieties, predicted val-
ues versus measured value same as those at each temperature.(a)
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Figure 3 Peleg model ﬁtted on bean (Talash) – (a) and chick3.5. Peleg constant k1
Tables 2 and 3 show the constant k1 at three different temper-
atures for bean and chickpea varieties, respectively. The results
showed that the Peleg’s rate constant (k1) for bean decreased
linearly as the temperature increased from 5 to 45 C
(P< 0.05) (Fig. 5). Almost the same result was observed in
the case of chickpea (Fig. 6). The decrement of Peleg’s rate con-
stant (k1) with temperature shows that water transfer, being
reversely related to k1 is promoted by increased temperature.
Since, higher temperatures result in the grain gelatinization
and subsequently the expansion and softening of grain. There-
fore, more pores and cracks are opened and ﬁnally the trans-
mission of water through the seed is increased (Ranjbari
et al., 2011). Same results have been reported by other research-
ers (Solomon, 2007; Karacabey et al., 2013; Montanuci et al.,
2013; Botelho et al., 2013).
3.6. Peleg constant k2
Tables 2 and 3 show the constant k2 at three different temper-
atures respectively for bean and chickpea varieties. The con-
stant k2 is related to maximum water absorption capacity
(Turhan et al., 2002; Peleg, 1988). Peleg’s constant k2 depends
on the type of seed and the loss of soluble solids during soak-
ing (Toma et al., 2001; Abu-Ghannam and McKenna, 1997).(b)
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pea (Kabuli) data – (b) during immersion 5 , 25 , 45 .
Figure 4 Predicted value of moisture content against experimental value for Talash variety of bean at 25 C (a) and Kabuli variety of
chickpea at 25 C (b).
Table 2 The coefﬁcients of Peleg model, coefﬁcient of determination (R2) and mean relative percentage deviation modulus (E) for
moisture content of bean varieties during immersion at different temperatures.
Type Temperature (C) K1 · 104 (h ·%1) K2 · 104 (%1) R2 E (%)
Talash
5 34.03 7.74 0.975 3.04
25 23.19 6.38 0.987 0.95
45 13.04 5.47 0.977 1.87
Sadri
5 34.39 8.75 0.990 1.58
25 26.83 6.29 0.987 2.89
45 19.20 4.11 0.967 4.45
Mahali Khomein
5 58.45 6.86 0.983 2.78
25 52.15 5.29 0.989 1.45
45 42.07 4.09 0.988 3.94
Table 3 The coefﬁcients of Peleg model, coefﬁcient of determination (R2) and mean relative percentage deviation modulus (E) for
moisture content of chickpea varieties during immersion at different temperatures.
Type Temperature (C) K1 · 102 (h ·%1) K2 · 102 (%1) R2 E (%)
Kabuli
5 3.5 2 0.986 1.45
25 2.4 1.9 0.967 0.98
45 2.19 1.9 0.996 1.98
Chico
5 2.5 2 0.986 2.86
25 1.6 1.9 0.997 2.17
45 0.8 1.9 0.996 3.15
Desi
5 4.4 1.9 0.959 4.45
25 2.9 1.9 0.981 3.47
45 2.6 1.7 0.987 2.17
140 S.M. Shafaei et al.The decrease of Peleg model constant k2 with increasing tem-
perature is due to absorption of possible moisture content.
Thus, in higher temperatures of soaking, the k2 decrease is
due to increasing water absorption capacity. For bean varieties
Peleg’s constant k2 decreased with increasing temperature
(Fig. 5). However, it was not affected by temperature in thecase of chickpea, resulting in the same saturation moisture
contents of the three varieties at each temperature. Similar
results have been reported for chickpea (Sayar et al., 2001;
Toma et al., 2001), soybean (Toma et al., 2001), bean (Abu-
Ghannam and McKenna, 1997), and wheat products
(Maskan, 2002).
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Figure 5 Effect of immersion temperature on Peleg rate constant k1 and k2 for bean, , MahaliKhomein; , Sadri; , Talash.
Table 4 Activation energy during heat transfer from 5 to
45 C.
Variety Absorbed energy (kJ/mol) R2 Kref · 104
Talash 253.717 0.977 23.19
Sadri 154.354 0.985 26.83
Mahali Khomein 86.773 0.955 52.15
Kabuli 126.269 0.913 240
Chico 301.275 0.974 160
Desi 141.123 0.920 290
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
0 10 20 30 40 50
K
1×
10
-
2
(h×
%
-
1 )
Temperature (°C)
Figure 6 Effect of immersion temperature on Peleg rate constant
k1 for chickpea, , Kabuli; , Chico, , Desi.
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Fig. 7 shows the values of ln(1/k1) plotted against ((1/Tref) -
 (1/T)), forming a line with the gradient of (Ea/R), for Sadri
variety of bean. The same behavior was observed in case of
other varieties. Maximum and minimum activation energy in
soaking process were obtained in chickpea variety of Chico
(301.28 kJ mol1) and bean variety of Mahali Khomein
(86.77 kJ mol1), respectively. The values of activation energy-6.5
-6
-5.5
-0.0003 -0.0002 -0.0001 -1E-18 1E-04 0.0002 0.0003
Ln
 (1
/k 1
)
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Figure 7 Activation energy during soaking of Sadri bean at 5, 25
and 45 C.for each variety are presented in Table 4. The values of activa-
tion energy for various varieties of bean and chickpea were sig-
niﬁcantly different (P< 0.05). It expresses the different
physical properties of varieties with regard to heat transfer
and activation energy. Positive values of energy suggest that
the seeds have gained energy during soaking, in order to
absorb moisture and increase their volume. The increment of
experiment temperature from 5 to 45 C only led to some
changes in seed texture loosening and faster diffusion of mois-
ture throughout the seeds. Some investigator reported the sim-
ilar results in the same way about barley seeds (Montanuci
et al., 2013). Other researchers also reported similar results
of activation energy with respect to temperature changes for
four bean varieties grown in South Africa (Jideani and
Mpotokwana, 2009).
3.8. Effect of temperature on system enthalpy, entropy and
released energy
Tables 5 and 6 present the effects of temperature changes on
enthalpy, entropy and released energy of the soaking process
of bean and chickpea varieties, respectively. In whole varieties,
negative values of enthalpy indicate that during soaking, the
moisture content of the seeds has changed within an exother-
mic and energetically favorable transformation (Reusch,
2007). Increment of soaking temperature led to the enthalpy
for each variety to increase (P< 0.05). It occurred due to
absorbed heat at constant pressure along with seed volume
expansion. The volume expansion is in fact further moisture
sorption at equal times due to temperature increase.
In soaking process, entropy increased with negative values
as the soaking temperature increased, showing no signiﬁcant
Table 6 Thermodynamic parameters of water absorption of chickpea varieties.
Variety Temperature (C) DH (Cal/mol) DS (Cal/Kmol) DG (kcal/mol)
Kabuli
5 2186.276 243.253 65.474
25 2352.551 246.695 71.869
45 2583.832 251.682 77.553
Chico
5 2011.269 245.935 66.395
25 2177.542 248.353 71.869
45 2343.823 249.389 73.489
Desi
5 2171.428 241.204 64.919
25 2337.700 242.168 71.776
45 2503.987 248.589 74.541
Table 5 Thermodynamic parameters of water absorption of bean varieties.
Variety Temperature (C) DH (Cal/mol) DS (Cal/Kmol) DG (kcal/mol)
Talash
5 2058.823 244.286 65.890
25 2225.104 245.461 68.574
45 2391.386 246.333 75.979
Sadri
5 2158.187 245.431 66.108
25 2324.463 245.958 68.623
45 2490.741 246.458 75.602
Mahali Khomein
5 2225.779 234.821 63.090
25 2392.055 236.752 70.283
45 2558.332 237.452 72.987
142 S.M. Shafaei et al.difference (P> 0.05). The free energy of activation rose with
positive values as the temperature increased, with neither sig-
niﬁcant difference in a probability (P> 0.05). Positive values
of free energy of activation express the absorption of energy
from surrounding area (Reusch, 2007). The same results have
been reported by other researchers for four bean and ﬁve bar-
ley varieties respectively (Jideani and Mpotokwana, 2009;
Montanuci et al., 2013).
4. Conclusions
Summarized results obtained in present study are:
1. The Peleg model could satisfactorily predict the moisture
content of different bean and chickpea varieties during
soaking.
2. The water absorption capacity of legumes increased with
the increment of both soaking temperature and time.
3. During the soaking process, moisture content increased
rapidly at the beginning of immersion. However, the rate
of water absorption slowed down and quiet as the time
passed and the moisture content reached to saturation
point.
4. In the case of bean, the variety signiﬁcantly affected the
water absorption, however, indicating no effect in the case
of chickpea.5. The Peleg rate constant k1 decreased with increasing tem-
perature for a piece variety of bean and chickpea.
6. For the bean varieties, the Peleg moisture capacity constant
k2 declined as the temperature increased while it was not
affected by temperature, in the case of chickpea.
7. Changes in thermodynamic parameters during moisture
sorption process of chickpea and bean seeds suggested that
an exothermic and energetically favorable transformation
reaction has occurred. Enthalpy, entropy and free energy
of activation of chickpea and bean seeds increased as soak-
ing temperature increased from 5 to 45 C.
References
AACC, 1999. Methods 44-15A, Moisture – air – oven. Approved
Methods of the American Association of Cereal Chemists, The
Association, St. Paul.
Abu-Ghannam, N., McKenna, B., 1997. Hydration kinetics of kidney
beans (Phaseolusvulgaris L.). J. Food Sci. 62 (3), 520–523.
ASAE, 1999. ASAE Standards, 46th ed. 1999. S352.2: Moisture
Measurement – Unground Grain and Seeds. ASAE, St. Joseph,
Mich.
Bello, M., Tolaba, M.P., Aguerre, R.J., Suarez, C., 2010. Modeling
water uptake in a cereal grain during soaking. J. Food Eng. 97 (1),
95–100.
Analysis of water absorption of bean and chickpea 143Beyzaei, E., Dorri, H.R., Ghanbari, A.A., Gaffari Khaligh, H.,
Rahmani Ghobadi, A., Taheri Mazandarani, M., 2012. Sadri a new
large seed chiti bean cultivar suitable for cultivation in temperate-
cold areas of Iran (In Farsi). Seed Plant Improve. J. 28 (2), 335–
337.
Bhathena, S.J., Velasquez, M.T., 2002. Beneﬁcial role of dietary
phytoestrogens in obesity and diabetes. J. Clin. Nutr. 76 (1), 191–
201.
Botelho, F.M., Correa, P.C., Martins, M.A., Botelho, S.D.C.C.,
Oliveira, G.H.H.D., 2013. Effects of the mechanical damage on the
water absorption process by corn kernel. Food Sci. Technol.
(Campinas) 33 (2), 282–288.
Corzo, O., Bracho, N., Rodrı´guez, j., 2012. Comparison of Peleg and
Azuara et al. Models in the modeling mass transfer during pile
salting of goat sheets. LWT – Food Sci. Technol. 46 (2), 448–452.
Cunningham, S.E., McMinn, W.A.M., Magee, T.R.A., Richardson,
P.S., 2007. Modelling water absorption of pasta during soaking. J.
Food Eng. 82 (4), 600–607.
Da Silva, W.P., E Silva, C.M.D.P.S., De Sousa, J.A.R., Farias, V.S.O.,
2013. Empirical and diffusion models to describe water transport
into chickpea (Cicer arietinum L.). Int. J. Food Sci. Technol. 48 (2),
67–273.
Ghafoor, M., Misra, N.N., Mahadevan, K., Tiwari, B.K., 2014.
Ultrasound assisted hydration of navy beans (Phaseolus vulgaris).
Ultrason. Sonochem. 21 (1), 409–414.
Gowen, A., Abu-Ghannam, A., Frias, J., Oliveira, J., 2007. Inﬂuence
of pre-blanching on the water absorption kinetics of soybeans. J.
Food Eng. 78 (3), 965–971.
Graham, P.H., Ranalli, P., 1997. Common Bean (Phaseolus vulgaris
L.). Field Crops Res. 53 (1), 131–146.
Hungria, M., Andrade, D.D.S., Chueire, L.M.D.O., Probanz, A.,
Guttierrez-Manero, F.J., Megias, M., 2000. Isolation and charac-
terization of new efﬁcient and competitive bean (Phaseolus vulgaris
L.) Rhizobia from Brazil. Soil Biol. Biochem. J. 32 (11), 1515–1528.
Jideani, V.A., Mpotokwana, S.M., 2009. Modeling of water absorp-
tion of Botswana Bambara varieties using Peleg’s equation. J. Food
Eng. 92 (2), 182–188.
Jideani, V.A., Nkama, I., Agbo, E.B., Jideani, I.A., 2002. Mathemat-
ical modeling of odordeterioration of millet (Pennisetum glaucum)
Dough (fura) as affected by time-temperature and product pack-
aging parameters. Cereal Chem. 79 (5), 710–714.
Karacabey, E., Bayindirli, L., Artik, N., Mazza, G., 2013. Model-
ling solid–liquid extraction kinetics of trans-resveratrol and trans-
e-viniferin from grape cane. J. Food Process Eng 36 (1), 103–
112.
Kashaninejad, M., Dehghan, A.M., Khashiri, M., 2009. Modeling of
wheat soaking using two artiﬁcial neural networks (MLP and
RBF). J. Food Eng. 91 (4), 602–607.
Kashaninejad, M., Maghsoudlou, Y., Raﬁee, S., Khomeiri, M., 2007.
Study of hydration kinetics and density changes of rice (Tarom
Mahali) during hydrothermal processing. J. Food Eng. 79 (4),
1383–1390.
Kashiri, M., Daraei Garmakhany, A., Dehghani, A.A., 2012. Mod-
eling of sorghum soaking using artiﬁcial neural networks (MLP).
Qual. Assur. Safety Crops Foods 4 (4), 179–184.
Khazaei, J., Mohammadi, N., 2009. Effect of temperature on
hydration kinetics of sesame seeds (Sesamum indicum L.). J. Food
Eng. 91 (4), 542–552.
Maskan, M., 2002. Effect of processing on hydration kinetics of three
wheat products of the same variety. J. Food Eng. 52 (4), 337–341.
McWatters, K.H., Chinnan, M.S., Phillips, R.D., Beuchat, L.R., Reid,
L.B., Mensa-Wilmot, R.M., 2002. Functional, nutritional, myco-
logical and Akara-making properties of stored cowpea meal. J.
Food Sci. 67 (6), 2229–2234.
Montanuci, F.D., Jorge, L.M.D.M., Jorge, R.M.M., 2013. Kinetic,
thermodynamic properties, and optimization of barley hydration.
Food Sci. Technol. (Campinas) 33 (4), 690–698.Moreira, R., Chenlo, F., Chaguri, L., Fernandes, C., 2008. Water
absorption, texture, and color kinetics of air-dried chestnuts during
rehydration. J. Food Eng. 86 (4), 584–594.
Oliveira, A.L., Colnaghi, B.G., Silva, E.Z.D., Gouveˆa, I.R., Vieira,
R.L., Augusto, P.E.D., 2013. Modelling the effect of temperature
on the hydration kinetic of adzuki beans (Vigna angularis). J. Food
Eng. 118 (4), 417–420.
Pan, Z., Tangratanavalee, W., 2003. Characteristics of soybeans as
affected by soaking conditions. LWT – Food Sci. Technol. 36 (1),
143–151.
Peleg, M., 1988. An empirical model for the description of moisture
sorption curves. J. Food Sci. 53 (4), 1216–1217.
Prasad, K., Vairagar, P.R., Bera, M.B., 2010. Temperature dependent
hydration kinetics of Cicer arietinum splits. Food Res. Int. 43 (2),
483–488.
Ranjbari, A., Kashaninejad, M., Alami, M., Khomeiri, M., 2011.
Effect of ultrasound pretreatment on water absorption character-
istic of pea during steeping process (in Farsi). Electron. J. Food
Process. Preserv. 2 (1), 91–105.
Ranjbari, A., Kashaninejad, M., Alami, M., Khomeiri, M., Gharekh-
ani, M., 2013. Effect of ultrasonic pre-treatment on water absorp-
tion characteristics of chickpeas (Cicer arietinum). Lat. Am. Appl.
Res. 43 (2), 153–159.
Reusch, W., 2007. The nature of energy. In: Virtual Textbook of
Organic Chemistry.
Salimi Hizaji, A., Maghsoudlou, Y., Jafari, S.M., 2011. Effect of water
temperature, variety and shelf life on rehydration kinetics of
microwave dried potato cubes. Lat. Am. Appl. Res. 41 (3), 249–
254.
Sayar, S., Turhan, M., Gunasekaran, S., 2001. Analysis of chickpea
soaking by simultaneous water transfer and water–starch reaction.
J. Food Sci. 50 (2), 91–98.
Shafaei, S.M., Masoumi, A.A., 2013a. Application of viscoelastic
model in the bean soaking. In: International Conference on
Agricultural Engineering: New Technologies for Sustainable Agri-
cultural Production and Food Security February 24–26. Sultan
Qaboos University, Muscat, Oman.
Shafaei, S.M., Masoumi, A.A., 2013b. Application of viscoelastic
model in the chickpea soaking. In: 1st International E-Conference
on Novel Food Processing. February 26–27. Ferdowsi University
of Mashhad, Mashhad, Iran.
Shafaei, S.M., Masoumi, A.A., 2013c. Modeling of water absorption
of bean during soaking. In: International Conference on Agricul-
tural Engineering: New Technologies for Sustainable Agricultural
Production and Food Security, February 24–26. Sultan Qaboos
University, Muscat, Oman.
Shafaei, S.M., Masoumi, A.A., 2013d. Modeling of water absorption
of chickpea during soaking. In: 1st International E-Conference on
Novel Food Processing, February 26–27. Ferdowsi University of
Mashhad, Mashhad, Iran.
Shafaei, S.M., Masoumi, A.A., 2013e. Using artiﬁcial neural network
to predict moisture content of three varieties of chickpea in soaking
(in Farsi). In: 21st National Congress of Food Science and
Technology, October 29–31. Shiraz University, Shiraz, Iran.
Shafaei, S.M., Masoumi, A.A., Heydari, A.R., 2013. Predicting of
water absorption of bean soaking using artiﬁcial neural network (in
Farsi). In: 21st National Congress of Food Science and Technol-
ogy, October 29–31. Shiraz University, Shiraz, Iran.
Shafaei, S.M., Masoumi, A.A., in press. Estimating moisture absorp-
tion kinetics of beans during soaking using mathematical models.
Agric. Eng. Int.: CIGR J.
Shafaei, S.M., Masoumi, A.A., 2014b. Evaluation of Khazaei model in
predicting of water absorption of chickpea during soaking. Agric.
Adv. 3 (1), 1–8.
Shafaei, S.M., Masoumi, A.A., 2014c. Studying and modeling of
hydration kinetics in chickpea seeds (Cicer arietinum L.). Agric.
Commun. 2 (2), 15–21.
144 S.M. Shafaei et al.Shafaei, S.M., Kamali, M., Namjoo, M., 2014. Studying and modeling
of water absorption of barley (in Farsi). In: 8th National
Conference of Agriculture Machinery Engineering (Biosystem
Engineering) and Mechanization, January 29–31. Ferdowsi Uni-
versity of Mashhad, Mashhad, Iran.
Shittu, T.A., Olaniyi, M.B., Oyekanmi, A.A., Okeleye, K.A., 2012.
Physical and water absorption characteristics of some improved
rice varieties. Food Bioprocess Technol. 5 (1), 298–309.
Solomon, W.K., 2007. Hydration kinetics of lupin (Lupinus Albus)
seeds. J. Food Process Eng. 30 (1), 119–130.
Thushan Sanjeewa, W.G., Wanasundara, J.P.D., Pietrasik, Z., Shand,
P.J., 2010. Characterization of chickpea (Cicer arietinum L.) ﬂours
and application in low-fat pork bologna as a model system. Food
Res. Int. 43 (2), 617–626.
Toma, M., Vinatoru, M., Paniwnyk, L., On, T.J., 2001. Investigation
of the effects of ultrasound on vegetal tissues during solvent
extraction. Ultrason. Sonochem. 8 (2), 137–142.
Turhan, M., Sayar, S., Gunasekaran, S., 2002. Application of Peleg
model to study water absorption in chickpea during soaking. J.
Food Eng. 53 (2), 153–159.Vasudeva, S., Vishwanathan, k.H., Aswathanarayana, K.N., Indhud-
hara Swamy, Y.M., 2010. Hydration behaviour of food grains and
modelling their moisture pick up as per Peleg’s equation: part I.
Cereals. J. Food Sci. Technol. 47 (1), 34–41.
Vishwakarm, R.K., Shivhare, U.S., Nanda, S.K., 2013. Water
absorption kinetics of guar seeds and Unhulled Guar splits. Food
Bioprocess Technol. 6 (5), 1355–1364.
Waezi-Zadeh, M., Ghazanfari, A., Noorbakhsh, S., 2010. Finite
element analysis and modeling of water absorption by date pits
during a soaking process. J. Z. Univ. Sci. B (Biomed. Biotechnol.)
11 (7), 482–488.
Yadav, B.K., Jindal, V.K., 2007. Modeling varietal effect on the water
uptake behavior of milled rice (Oryza Sativa L.) during soaking. J.
Food Process Eng. 30 (6), 670–684.
Yildirim, A., O¨ner, M.D., Bayram, M., 2013. Effect of soaking and
ultrasound treatments on texture of chickpea. J. Food Sci. Technol.
50 (3), 455–465.
